FRAMELESS STEREOTACTIC GUIDANCE OF MEDICAL PROCEDURES 



CROSS REFERENCE TO RELATED APPLICATIONS 
Not applicable. 

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH 
Not applicable. 

FIELD OF THE INVENTION 
[0001] This invention relates generally to the fields of medicine, radiology and 

neurosurgery. More particularly, the invention relates to methods and devices for image-guided 
medical procedures, such as stereotactic cranial radiation and surgery. 

BACKGROUND 

[0002] Many modern medical procedures, both invasive and non-invasive, are performed 

with the assistance of medical imaging devices. A series of two-dimensional images generated 
from devices such as CT or MRI scanners are used to generate virtual 3-dimensional models of 
regions of interest from subjects. These models are used in the planning, practice and execution 
of medical procedures subsequently performed on the subjects. Image-guided medical 
procedures are generally accomplished by coordinating 3-D virtual models of subjects with 
reference points on the actual subjects undergoing the medical procedures. 
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[0003] Current approaches for image-guided medical procedures such as stereotactic 

biopsy or radiation therapy can be divided into two approaches. The first approach uses a rigid 
frame secured to the subject, such as a human patient. The second approach is a frameless 
approach, in which fiducial landmarks, either derived from the patient's own anatomical features 
or applied to the surface of the patient, are used to coordinate the 3-D virtual patient model to the 
real world patient. 

[0004] As shown in FIG. 1, in the rigid frame approach, a stereotactic frame is rigidly 

attached to the patient by placing fasteners directly to the skull. A detailed 3-D image map is 
then created from CT, MRI, or other 3-D imaging source. Fiducial markers placed on the 
stereotactic frame (not shown) appear in the images and allow objects in the image to be related 
to the stereotactic frame. Hence, targets of interest, such as a tumor and its surrounding anatomy, 
can be described using the coordinates of the stereotactic frame as a reference. The patient is 
then transferred to the operating room for treatment, again using the stereotactic frame as a 
reference. A biopsy arc is attached to the frame. A target trajectory is planned, and the arc 
parameters required to follow the trajectory are derived. The settings are applied to the biopsy 
arc and the biopsy is obtained. Although this approach eliminates the error-generating step of 
registering the virtual model to the actual subject, this approach is invasive and is as a result 
uncomfortable for patients. 

[0005] In the frameless approach, the registration of the patient to the image-based 

operative model requires the identification of fiducial markers. Some fiducials are external 
markers applied to the patient prior to scanning and kept in place until registration has been 
completed, while other reference markers are actually identifiable anatomic landmarks based on 
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the patient's own anatomy. The identification of these fiducial points can be difficult and can 
add significant time to the operative procedure. Additionally, movement of the fiducials relative 
to internal anatomy can degrade the accuracy of the registration process and subsequently detract 
from the overall accuracy of the image-guided procedure. 

[0006] During the operative procedure with either frame-based or frameless approaches, 

tracking of the patient position as well as the position of the operative instruments is generally 
accomplished using one of two primary tracking technologies. The most popular system is 
optical tracking. Optical tracking systems depend upon a line of sight between the tracking 
camera and the tracked object, either the surgical instrument or a patient dynamic reference. 
Some optical systems track active infrared light emitting diodes while other systems track 
passive infrared reflective spheres. The second most popular system for patient and instrument 
tracking is electromagnetic tracking. In an electromagnetic tracking system, an emitter is 
typically used as the reference and is rigidly attached to the subject. All instruments are then 
tracked relative to the reference emitter. When electromagnetic tracking is employed, 
instruments that may distort the electromagnetic field, as well as other large pieces of electronic 
equipment, must be kept at sufficient distance from the surgical field to avoid significant spatial 
error introduction. 

[0007] Both types of tracking systems suffer from drawbacks. In a surgical suite with 

multiple surgeons, support staff and support equipment, obtaining a "clean" electromagnetic 
environment needed for accurate electromagnetic tracking can be difficult. In the case of optical 
tracking, maintaining an unobstructed view of the operative field is often problematic and can 
lead to inaccuracies or the inability to track. 
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SUMMARY 

[0008] The invention provides a device for guiding medical procedures, including at least 

one subject-specific article dimensioned to follow a contour of an exterior surface portion of a 
subject to be treated. The article is rigidly attachable to the surface portion, and provides a 
customized spatial reference for alignment of a preplanned medical procedure to one or more 
target regions of the subject. 

[0009] In some embodiments, the subject-specific article of the device can be directly 

attached to skin of the subject, exclusive of any protruding fasteners. In other embodiments, the 
article can include at least one fastener for protruding onto or into a surface of the subject. The 
article can include at least one structure for varying a length of the fastener protruding from the 
article. 

[0010] In some embodiments of the device, the article can include at least one opening 

for access to the surface portion of the subject, further including a probe guide emerging from the 
opening. In some versions of the device, the probe guide can be oriented at a predetermined 
angle with respect to the article, for guidance to the opening or to embedded regions under the 
opening aligned with the probe guide. In other embodiments, an angle of the probe guide 
emerging from the opening can be adjustable. 

[0011] Devices of the invention can further include at least one structure for directing a 

biopsy or incision depth attached to the article. The article can include at least one opening for 
access to the surface portion, and can further include at least one custom skin clip or retractor for 
attachment along a periphery of the opening. 
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[0012] In another aspect, the invention provides a method for guiding a medical 

procedure, including the steps of: providing at least one subject-specific article including at least 
one reference contour dimensioned to follow a contour of an exterior surface portion of a subject 
to be treated, the article being rigidly attachable to the surface portion, wherein the article 
provides a customized spatial reference for alignment of a preplanned medical procedure to one 
or more target regions of the subject; placing the article on the subject; and performing a medical 
procedure on the target region, guided at least in part by the subject-specific article. The method 
can be used for procedures including radiotherapy and surgery. 

[0013] The invention further provides a system for performing a medical procedure, 

including: a device including at least one subject-specific article including at least one reference 
contour dimensioned to follow a contour of an exterior surface portion of a subject to be treated, 
the article being rigidly attachable to the surface portion, wherein the reference contour provides 
a customized spatial reference for alignment of a preplanned medical procedure to one or more 
target regions of the subject; and a therapeutic, diagnostic or surgical device, wherein the device 
is guided to the target region at least in part by the subject-specific article. 
[0014] In some versions of the system of the invention, the article can include a plurality 

of external reference markers. The external reference markers can be optical markers. In other 
embodiments, the article can include at least one opening for access to the surface portion of the 
subject, further including a probe guide emerging from the opening. 
[0015] In yet another aspect, the invention provides a system for forming a subject- 

specific device for guiding a medical procedure, the system including: computing structure for 
providing 3 -dimensional data representing a subject-specific article including at least one 
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reference contour dimensioned to replicate a contour of an exterior surface portion of a subject to 
be treated; and a machine for forming the article from the 3-dimensional data. The contour of the 
subject to be treated can be computed from a 3-dimensional planning image of the subject. The 
machine of the system can be a rapid prototyping machine. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] FIG. 1 is a drawing of a patient wearing a prior art head frame used for 

stereotactic neurological procedures. 

[0017] FIG. 2 is a photograph of glass model of a human head used for CT scanning and 

3 -dimensional modeling. 

[0018] FIG. 3 A is a computer-generated rendering of a custom article designed to fit the 

glass head model shown in FIG. 2, according to an embodiment of the invention. 
[0019] FIG. 3B shows a computer rendering of the article shown in FIG. 3 A positioned 

on the head model shown in FIG. 2, according to an embodiment of the invention. 
[0020] FIG. 4 is a drawing of a subject with an intracranial tumor fitted with a subject- 

specific article that fits directly on the skin surface. The article includes a probe guide, according 
to an embodiment of the invention. 

[0021] FIG. 5 shows a device including an article and adjustable fasteners that rest on 

the surface of the scalp, providing clearance for hair, and including an adjustable probe guide, 
according to an embodiment of the invention. 

[0022] FIG. 6 A shows a device including a subject-specific article in three sections. The 

first section fits and aligns to the subject's surface, establishing the initial reference and providing 
attachment for the other two sections, each comprising a custom skin clip, according to an 
embodiment of the invention. 

[0023] FIG. 6B shows the custom article of FIG. 6A with a skin flap retracted after 

incision, and held with a custom skin clip, according to an embodiment of the invention. Skin 
clips are applied to the edges of the incision to control bleeding. 
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[0024] FIG. 7 is a drawing showing a subject-specific article including external reference 

markers, according to an embodiment of the invention. 

[0025] FIG. 8 is a photograph showing a custom article according to the invention, 

fabricated using rapid prototyping technology and fitted to the glass head model shown in FIG. 2. 
[0026] FIG. 9 is a photograph showing custom articles fabricated by rapid prototyping 

techniques of 3D printing (left) and stereolithography (right), according to an embodiment of the 
invention. 



{WP137999;7} 



8 



DETAILED DESCRIPTION 

[0027] The invention provides devices and methods for a wide range of medical 

diagnostic and therapeutic procedures guided by a customized subject- specific article that can be 
applied to a surface of a subject in a spatially unambiguous manner. The article, when applied on 
the surface of the subject, serves as an external reference for precise alignment of a medical 
procedure such as a biopsy or radiation beam along a unique trajectory. Thus, the invention 
enables a clinician to accurately guide a medical procedure along a preplanned route to reach an 
internal target in the subject, such as a brain tumor, without the need for conventional tracking 
technologies. Embodiments of the subject-specific contoured article can incorporate various 
features specific to the particular operation, such as a custom-angled probe guide for a biopsy, or 
external reference markers for aligning a radiation source along a preplanned trajectory. 
[0028] The inventive method generally begins by obtaining or acquiring a 3-dimensional 

image of the subject's anatomy proximate to a target region, for example the head of a patient 
with a cranial tumor. Generally, a computer generates a 3-dimensional dataset using techniques 
well known in the art, from a series of 2-dimensional images provided by a typical medical 
imaging device, such as a CT or MRI scanner. However, in certain cases, a single 2-dimensional 
image may be sufficient. 

[0029] In contrast to previous approaches which use external frames or fiducial markers 

applied to the subject as spatial references, the invention utilizes the contours of the subject- 
specific reference contour of the article, which replicate the surface contours of the subject itself. 
As an example, FIG. 2 shows a prior art 3-dimensional glass model of a human head 20 which 
was scanned by CT. As shown below, the data therefrom can be used to fabricate an article that 
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uniquely fits on the glass model 20. The glass model 20 shown in FIG. 2, or any other tangible 
model of the subject, is not required to practice the invention. 

[0030] The contours of the subject's surface in a computer-generated virtual model are 

then used to generate a virtual subject-specific article that conforms precisely to selected surfaces 
of the virtual model. In the example shown in FIGS. 3 A and 3B and described in further detail 
below, a computer was programmed to design a T-shaped arc-like article 100 conforming to 
contours of the virtual head 110, fitting from ear to ear along a coronal plane, and projecting 
forward along the mid-sagittal plane, to include the forehead and nose. The spatial coordinates 
of the virtual subject- specific article were then used, inter alia, to direct the fabrication of an 
actual subject-specific article having dimensions following or conforming to the patient's surface 
contours. As noted above, and described in further detail below, the article is subsequently 
applied to the subject prior to beginning the medical procedure and used for guiding the 
procedure to a particular location and optionally along a chosen trajectory, and/or to practice 
therapeutic approaches in any desired plane of view. 

[0031] To allow for translation of the preplanned settings of the relevant medical tools, 

such as the entry point and angle of a biopsy probe or a radiation beam, from the "virtual 
operating room" to the real world, the operation may be visualized in a computer. For example, 
an appropriate angle for a trajectory may be planned to avoid contacting or penetrating certain 
anatomical features, such as a large vein. 

[0032] Once a selected entry point and trajectory for the medical procedure is determined, 

information necessary for frameless guidance of the actual medical procedure can be directly 
incorporated into the design of the fabricated patient-specific article. A stereotactic workstation 
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is preferably used for planning the trajectory of a surgical approach, biopsy or radiation 
procedure, for practicing the approach in virtual space, and for designing and directing the 
fabrication of the subject-specific article(s). 

[0033] As an example, FIG. 4 illustrates a shaved patient fitted with a customized article 

200 that includes a portion 210 that overlies a known location of a tumor 220 in the patient's 
brain along a planned trajectory for the procedure 230. In the case of a biopsy procedure, 
following removal of a section of the skull, such as by making a burrhole, a biopsy probe (not 
shown) can be inserted into the brain at the predetermined angle 230 that is guided by a biopsy 
probe guide 240 fabricated into the article 200. The angle 230 need not be normal to the surface 
of the article 200, but rather can be any angle appropriate for directing the insertion of the probe 
along the selected trajectory. In the embodiment of the article 200 shown in FIG. 4, the biopsy 
probe guide 240 comprises a rigid channel protruding from the plane of the article 200 and 
extending to the surface of the patient through an opening (not shown) in the article 200. 
[0034] The article 200 can further include a structure (not shown) for directing an 

incision or biopsy depth attached to the article 200. The required depth of penetration of the 
surgical tool, such as a biopsy probe, is pre-calculated during the computer-assisted planning of 
the procedure, and is related to the known geometry of the probe guide 240 and the article 200. 
During the medical operative procedure, the depth of probe insertion can be controlled by various 
means, for example, by using an adjustable stopping mechanism on the biopsy probe (not 
shown), positioned to come to rest against the external opening of the probe guide 240 when the 
biopsy probe tip is advanced to the desired depth for sampling the tissue of interest. The depth of 
the biopsy, being controlled by a stopping mechanism, can be set by measurement, for example 
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using a ruler. Alternatively, a custom fabricated guide holder (not shown) can include a probe 
setting guide, such as a ridge or other indicator, at the appropriate position for setting the stop on 
the biopsy probe. The custom use probe setting guide holder, being specific for the operation, 
can advantageously provide the user with a no-adjustment guide to accurately set the position of 
the stop, and hence the length of the biopsy needle to be inserted. 

[0035] In one embodiment, the probe guide 240 can be designed to be integral to the 

device and thereby fabricated as an extension of the article 200 having the appropriate angle to 
direct the insertion of the biopsy probe. Alternatively, the device can be made with an opening 
(not shown), such as a square hole of standardized dimensions, at an appropriate site on the 
contoured surface. In the use of embodiments having such openings, a separately fabricated 
custom-angled probe guide having a base that fits the standardized opening can be inserted into 
the hole in the device and secured in place, for example by a screw. In some cases this separate 
piece may be used as a further attachment site for other components (not shown), such as a 
stainless steel chuck used to guide the biopsy needle. 

[0036] An adjustable fit can be provided by the article, such as by adding fasteners to the 

article 200. For example, adjustability of the fit of a custom article can advantageously allow for 
the presence of hair or other surface features on a patient's head, and for repeated use of an article 
on the same patient whose surface features (such as hair length) may change from time to time. 
As an example, the article 200 illustrated in FIG. 4 was designed to be applied to a smooth 
hairless surface 250. However, in routine clinical applications, the entire surface required to seat 
the article is generally not smooth and hair- free. Rather, it is now common practice to perform 
cranial surgery without shaving all or even a portion of a patient's hair. Instead, the scalp is 
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scrubbed with sterilizing solution and the hair is parted along the path to accommodate a skin 
incision. Accordingly, in most instances it is anticipated that the design for contact between the 
skin and the article will be required to accommodate for the presence of hair. 
[0037] FIG. 5 illustrates an embodiment of an adjustable-fit custom article 300 that 

includes a plurality of adjustable fasteners 310 that can have their length beyond the surface of 
the article 300 be adjusted. For example, when the fasteners 310 are lengthened as shown in 
FIG. 5, the article position adjusted by the fasteners 310 will be moved outward from the scalp. 
The article design can include instructions to fabricate such adjustable fasteners 310 from any 
suitable material, such as epoxy. The software preferably enables the fasteners 310, and 
corresponding openings 315 in the article 300 to accommodate and allow for adjustment of the 
fasteners 310, to be automatically applied to the custom article 300 wherever designated by the 
user. 

[0038] From the standpoint of fabrication, the feature of adjustability may permit greater 

flexibility and economy if the final product can be adjusted for ideal fit after placement on the 
patient. Although current equipment is capable of fabricating an entire subject-specific custom 
article in a time that is compatible with the current planning process for the medical procedure, it 
may be desirable to include as much standardization into the design as possible, and in some 
cases to apply generic designs or masks for article design. 

[0039] Some embodiments of the adjustable-fit articles such as the article 300 may 

include separate probe guides, as described above, that are not integral to the mold for the article 
300. Referring to FIG. 5, the base of the probe guide 320 can be secured to the opening of the 
article 300 in a fashion that allows it to be adjustable in three dimensions, permitting minor 
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adjustments of the angle of the probe guide following fitting of the adjustable- fit article on the 
subjects head. The ability to make such adjustments to the probe guide 320 allows the user to 
compensate for positional changes made during the adjustment of the article 300 on the subjects 
surface. 

[0040] The computer code for frameless stereotactic procedure planning can be build on 

user interfaces and algorithms known in the art that have been successfully used in a current 
frame-based program. The required infrastructure regarding image transfer, DICOM receivers, 
and mass storage can be accommodated by the imaging infrastructure contained in this software. 
A unique feature of the code used in the invention is the ability to direct the fabrication of a 
tangible structure, such as a subject-specific article, based on the coordinates of a computer- 
generated three-dimensional model of a portion of a subject. 

[0041] The basic graphical user interface for biopsy targeting and trajectory selection is 

generally build around the reformatting of multiple 2-dimensional diagnostic images from a CT 
or MR1 dataset into orthogonal and oblique views, as well as solid renderings of the 3- 
dimensional database. Existing frame-based biopsy programs rely upon a system centered 
around a rigid frame-based stereotactic arc, i.e., CRW (Radionics, MA) for this purpose. This 
mechanical system requires the setting of multiple biopsy-specific coordinates and angles. In 
contrast, the workstation interface used to implement the invention incorporates all of the 
required patient-specific guidance alignment directly into a patient-specific article, such as the 
article 200 shown in FIG. 4. For biopsy procedures, a biopsy probe guide 240, as described 
above, can be fabricated based on the known geometry of the target tissue site relative to the 
contoured article. 
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[0042] In contrast to previous frameless approaches, special fiducials do not need to be 

applied to the subject prior to diagnostic imaging by CT or MRI scanning. The only scanning 
criteria are that plane pixel dimensions generally be less than 0.75 mm, and slice thickness be 
equal to or less than 1.0 mm. These parameters are used to set a minimum spatial resolution of 
the input diagnostic dataset. As used in other techniques for frameless image guidance, scanner 
coordinates are used for mapping the scan into pseudo-stereotactic space. Early CT scanners 
required fiducial systems to ensure accurate knowledge of gantry angle and table position. 
However, modern scanners are equipped with high-resolution gantry and table position sensors, 
making external fiducial systems unnecessary. Much of the data provided by modern multi-slice 
scanners is generated through post-processing of raw scan data. State-of-the-art scanners are also 
equipped to obtain CT data using helical scanning techniques. 

[0043] To confirm the accuracy of scans without fiducial markers, a radiosurgery 

database compiled from a large clinical practice was queried to document the extent to which 
either gantry angle or table index required a frame-based system to correct for scanner reported 
position by more than 1 voxel, i.e., by more than 0.75 millimeters in plane or 1 millimeter out of 
plane. No errors requiring a software correction of greater than 1 voxel were detected in 100 
frame-based stereotactic scans. 

[0044] Subject-specific articles for guidance of medical procedures according to the 

invention have the advantage of not requiring the imaged voxel to be mapped to a rigid 
stereotactic reference frame, such as that shown in FIG. 1 . As discussed above, the approach 
creates a self-contained reference system based on the subject's specific surface article, such as 
that of skin or other anatomical landmarks such as bony structures. Since the position of the 
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subject in the scan volume does not affect the resolution of the 3 -dimensional subject-specific 
model, the subject-specific article technology does not impose any special scanner-subject 
alignment criteria. 

[0045] CT and MRI datasets are presented to the system as individual voxels, each with 

an associated 3-dimensional coordinate. These discrete data elements are coupled to the design 
of the subject's custom article. For biopsy procedures, the article is preferably in turn coupled to 
the geometry of a biopsy probe guide, such as probe guide 240. When dealing with such coupled 
datasets, the algorithms are carefully controlled so as not to lose spatial accuracy through 
successive processing of the input data. 

[0046] The alignment of the patient 3-dimensional dataset and the custom article dataset 

is further affected by the need to align the custom article to a device for fabrication. Any suitable 
fabrication method and materials, and any machine capable of forming a device from a computer- 
generated design, such as computer-controlled cutting or milling equipment, can be used, and 
more preferably those providing products most quickly and economically. The subject-specific 
devices and articles are preferably fabricated using rapid prototyping. Any rapid prototyping 
fabrication method suitable for the purpose may be used. Rapid prototyping devices generally 
use a standard interface language for data input, such as Standard Triangulated Language or STL. 
An STL file consists of a series of triangle facets describing a closed 3-dimensional shape. Each 
facet is described by a 3 -point 3-dimensional coordinate, and a direction indicating whether the 
surface is facing in or out. The spatial resolution, or spatial fidelity, of the final object is a 
product of the number of STL-defined vertices, or facets, and the resolution of the rapid 
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prototyping process. A specific example of the use of an STL file to design and describe a 
custom article suitable for fabrication by rapid prototyping is further described below. 
[0047] The most straightforward method to produce a high fidelity subject-specific article 

entails using a very large number of triangles to maximize spatial resolution. In the operating 
room setting however, this may be impractical because the number of vertex points must be 
balanced against the speed of rendering and size of the imported 3-dimensional diagnostic 
dataset. Speed of fabrication may be an issue where it is desirable to be able to rapidly fabricate 
the article shortly after the scanning process is complete, permitting performance of the medical 
procedure on the same day, and ideally within hours, of performing the diagnostic scan. 
[0048] Maximizing the resolution of the subject- specific custom article while minimizing 

the number of vertex points used to describe the article requires that special attention be paid to 
the orientation and position of the custom article, and especially the biopsy guide, in the STL file 
coordinate system. Several approaches may be used for this purpose. 
[0049] One solution is to design the biopsy probe guide as a generic high-resolution 

object and merge this object to the prescribed biopsy trajectory. Another approach is to fix the 
position of the biopsy probe holder relative to the STL coordinate system. While the user views 
the patient as stationary in the planning system's orthogonal windows and the target position and 
biopsy trajectory as variable, the custom article and trajectory are kept aligned to the STL grid 
while the orientation of the patient model is adjusted. These matrix manipulations are similar to 
ones applied in previous systems, such as in codes previously written for radiosurgery, 
stereotactic frame-based biopsies, atlas mapping for deep brain stimulation, frameless 
radiosurgery code and 3-dimensional ultrasound. 
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[0050] In one embodiment, a basic design criterion of the system can make the user 

interface and the underlying computation code platform independent. Other designs are possible. 
As described in further detail in the example below, a demonstration code was entirely written in 
VTK to provide such portability. The code used for this purpose resided on a Linux workstation 
planning computer. To provide the ability to plan a case and design the required article and 
custom components remote to the planning computer, a secure web-based interface can be 
provided to accommodate such access. 

[0051] The above analysis of surface model accuracy is coupled with a custom mold 

design algorithm to provide the user with guidance as to which portion of the subject's surface 
will result in the most accurate alignment of a custom fabricated article to the subject at the time 
of surgery. For example, when a subject is in the supine position, the pressure of the head on the 
scanner table or head holder makes it difficult to accurately image the occipital region. Therefore 
the algorithm is written to provide the surgeon with the option to choose from several cranial 
surfaces for reference. A selection of frame masks, i.e., geometric contour designs, is presented 
to the user, allowing for rapid evaluation and optimization of article alignment and geometry for 
each individual clinical case. 

[0052] Article designs can be customized to include surgical site markers, custom skin 

clips and retractors. During a neurosurgical procedure, it is common for multiple structures to be 
successively added to the operative field in order to hold skin flaps and retractors, such as 
Greenberg or Yasargil retractor systems. When the subject-specific article is planned at the 
stereotactic workstation, the design can include not only all of the information usually provided 
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during frameless image guidance, but also features providing instructions for guiding surgical 
procedures, in some cases at successive stages in the procedure. 

[0053] For example, the article can include one or more cutaway portions aligned along a 

preplanned site for a skin flap, craniotomy or craniectomy. Along with this information, custom 
skin clips and retractors can also be planned and incorporated into the design of the custom 
article. FIG. 6A illustrates an example of an article 400 including custom skin clips 410 and 420. 
In the embodiment shown, the head of the patient is shaved, and the article 400 is secured to the 
patient's head using exogenous fasteners, such as surgical sutures 405. Any other type of suitable 
fastener can be used, such as velcro strips positioned on the article 400 so as to be attachable to a 
velcro head harness worn by the patient. 

[0054] In the practice of using a custom article such as article 400, a surgeon first makes 

an incision through the scalp along a preplanned course 430 (dotted lines) using a cutout edge of 
the article 400 as a guide. In the next step, shown in FIG. 6B, the skin flap 440 is then retracted, 
and stabilized using the custom skin clips 410 and 420 that are fabricated to fit over the contours 
of the cut edges of skin and to be secured to the article 400 as shown in FIG. 6B. Application of 
the skin clips 410 and 420 along the cut edges of the skin advantageously limits the bleeding of 
the skin effectively and rapidly. 

[0055] To further guide the procedure at successive stages, additional custom-designed 

attachments can be secured to the article 400 and used in a stepwise fashion. For example, a 
guide (not shown) may be secured to the article 400 that marks the borders or site of removal of 
the bone from the skull. For the subject depicted in FIG. 6B, a portion of the skull has been 
removed and the underlying exposed portion of the brain 450 is seen. The next step in the 
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surgical operation on the exposed brain 450 of the subject may be to perform a deep incision 
along a preplanned trajectory to reach an embedded tumor. To assist in the placement of the 
incision, another customized attachment (not shown) could be secured to the device 400, for 
example by one or more screws, that would provide further instructions for localizing the 
surgical site. In this way, directions are provided by the attachments for multi-level guidance of 
the procedure. 

[0056] Some embodiments of the subject-specific article can be advantageously used for 

radiosurgery. Referring again to FIG. 1, prior art stereotactic procedures for high precision 
neurosurgery and radiosurgery can require the use of a rigid head frame 10 which is attached to 
the head of a patient. Because the position of the target within the patient's head is known 
relative to the rigid frame 10, the radiation beam can be guided to a target location with a high 
level of precision. In contrast, embodiments of subject-specific article of the invention for use in 
high precision radiosurgery eliminate the need for a rigid head frame such as shown in FIG. 1, 
thus reducing patient discomfort and other problems associated with head frames. 
[0057] Figure 7 shows an embodiment of an article 500 used for radiotherapy procedures. 

With the knowledge of the geometry of the patient's surface, and of the position of the radiation 
beam relative to the subject-specific article 500, a radiation beam can be accurately aimed at the 
patient, its alignment calculated from the spatial coordinate information contained in the article 
500. Aiming of the treatment beam can be accomplished in several ways. In one embodiment 
(not shown), a subject-specific device can be designed to mount onto a radiation source, such as 
a linear accelerator. In such embodiments, the device can include one or more fastening devices 
such as mounting screws typically used for attachment of head frames to linear accelerators. 
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[0058] Alternatively, as shown in FIG. 7, the article 500 can be fabricated to include 

external reference markers 510, such as optical markers, designed to be included with the article 
500 for registration to the scalp of the patient. Any number and type of suitable reference 
markers 510 can be disposed upon or otherwise incorporated into the article 500. Markers 510 
illustrated in FIG. 7 comprise part of a conventional optical image guidance system (other 
components not shown). Because the relative positions of the markers 510, the article 500 and 
anatomical structures within the patient are known, automatic registration between the patient 
and the radiotherapy treatment device can be achieved using an otherwise conventional optical 
image guidance system. Thus, the subject-specific article 500 provides a unique alignment 
between the known geometry of the markers 510 and the patient's scanned geometry. 
[0059] As noted above, the subject-specific articles of the invention are preferably 

produced using rapid prototyping technology. Currently available rapid prototyping fabrication 
techniques include stereolithography, wide area inkjet, selective laser sintering, fused deposition 
modeling, single jet inkjet, three-dimensional printing and laminated object manufacturing. In 
each case, suitable materials are known in the art and based on the particular fabrication 
technology. Any suitable rapid fabrication method and materials can be used. 
[0060] For application in a clinical or surgical setting, the articles must generally 

withstand routine rapid sterilization conditions. A pre-vacuum cycle that places the materials to 
be sterilized at about 270 degrees Fahrenheit for approximately four minutes or a suitable 
chemical sterilization procedure, such as provided by Steris systems (Mentor, OH), is generally 
utilized. While gas sterilization is possible, it is anticipated that the overnight cycle routinely 



{WP137999;7} 



21 



required by this process would limit its applicability where a same-day fabrication process is 
either desired or necessary. 

[0061] Of the above fabrication techniques, currently preferred choices for rapid 

prototyping in the medical operative environment include 3-dimensional printing (available from 
Z Corp., Burlington, MA) and fused deposition modeling (FDM) (Stratasys Corp., Eden Prairie, 
MN). Because manufacturers of rapid prototyping systems have generally standardized upon the 
STL protocol as input, newer machines and materials that may become available in the future can 
be used to upgrade the invention in a manner transparent to the end user. 
[0062] As described in the example below, both of the above rapid prototyping systems 

were tested in the practice of the invention and found to produce acceptable articles. Both 
systems are capable of fabricating the required parts in less than one hour. The FDM technology 
provides an advantage in that upon completion of the building process, the part is ready for use. 
The 3-dimensional printing process is faster than FDM, but has the drawback that the produced 
article is relatively fragile and requires an epoxy resin bath to provide the required strength. 
[0063] An exemplary 3-dimensional printing process involves successive application of 

layers of material. A layer of powdered material is applied to the fabrication bed, then the print 
heads apply an adhesive to bond devices together. The next pass applies another layer of powder 
that is again selectively hardened by the print head's application of a hardening substance. 
Because each layer of fabrication has a powder layer below, the fabricated part is self-supporting. 
The 3D printing system also provides the advantage of capability to fabricate parts in color, 
which may present an advantage in assembly of an article in the setting of a surgical operating 
room. 
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[0064] The FDM process builds each component by applying a thin layer of melted 

material at the required location. The fabrication process requires that parts with sloping surfaces 
use a "filler" material for support while the material is applied. This filler is automatically 
configured by the equipment and available in water-soluble varieties. A simple water bath is all 
that is required to remove the filler after fabrication. 

[0065] Other types of materials besides those used for rapid fabrication may be used to 

fabricate the subject-specific articles and devices and are within the scope of the invention. In 
some applications, it may be desirable to fabricate the devices using malleable or otherwise 
recyclable materials suitable for repeated uses. 



EXAMPLE 

[0066] The following example serves to illustrate the invention without limiting it 

thereby. It will be understood that variations and modifications can be made without departing 
from the spirit and scope of the invention. 

Example - Rapid Prototyping of Subject-specific Custom Article 
[0067] The ability to create a reference contour from a medical image database requires 

that the medical image data set contain information sufficient to derive at least one or more 
contours of the subject's anatomy. The contour(s) are used to form an unambiguous spatial 
reference allowing the real world and the virtual world to be properly aligned. The uniquely 
fitting contour(s) can in turn allow a vector to be planned and projected to a specific targeted 
tissue region. In some instances it may be necessary to provide a full 3-dimensional description 

of the anatomic region involved, such as the head of a patient, while in other instances it may 

j 
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only require a single individual planar CT or MRI image. For example, it may be possible to 
designate a sagittal contour of the patient as the reference plane and to orient a biopsy vector 
using only that single plane. With the knowledge that the article is to be fitted to the sagittal 
plane, it may then be possible to accurately align a device with the sagittal plane so that the 
trajectory can easily be followed. In other instances, a more detailed 3-dimensional description 
of the patient's surface may be necessary to create the required article and an oblique trajectory. 
[0068] For either a single plane or 3-dimensional surface, it is important to be able to 

create an article that can be unambiguously applied and rigidly attached to the subject. It is the 
unambiguous spatial fit of the article to the subject, as well as the known relationship of at least 
one reference contour of the article to the subject's anatomy, that provides the clinician with the 
information required to follow the preplanned trajectory. 

[0069] To demonstrate the ability to begin with a series of 2-dimensional diagnostic 

images and to develop a subject- specific article, a code was written on a Linux workstation using 
the VTK (version 4.0) visualization tool kit. Referring again to FIG. 2, a 3-dimensional prior art 
glass head model 20 was scanned using a Siemens Somatom Sensation 16 CT scanner. For the 
scan, typical clinical settings were used (512 x 512 image matrix; 23 cm field of view; 0.75 mm 
slice thickness at 0.75 mm intervals). The initial datasets were transferred from the radiology 
Picture Archiving And Communication Systems (PACS), and the sequential CT slices were 
assembled into a volume dataset. For easy manipulation within the VTK environment, the 
dataset was interpolated onto a 0.5 x 0.5 x 0.5 millimeter data matrix. Using the VTK libraries, 
code was developed to threshold the scanned model head and to create a rendered surface. 
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[0070] Referring to FIG. 3, to produce a custom shell of the scanned model, the rendered 

surface was then extended and the initial surface subtracted from the new volume. A mask was 
then used to operate upon the custom shell. The mask cut the shell so that a high spatial 
frequency surface, i.e., the mid-sagittal plane, as well as an orthogonal surface, i.e., the mid 
coronal plane, remained, and the rest of the shell was eliminated. The resulting article was 
designed to be approximately 2 mm in thickness and 2.5 cm wide. The width of 2.5 cm was 
selected to allow sufficient surface area to provide a unique fit. The thickness of 2 mm was 
selected to minimize fabrication time and cost, while maintaining sufficient rigidity. FIG. 3A 
shows a computer rendering of the article 100. FIG. 3B illustrates a computer rendering of the 
scanned head model 1 10, fitted with the custom article 100. 

[0071] The VTK library was then used to write a description of this subject-specific 

article in STL format. Approximately 50,000 polygons were used to describe the article. The 
file describing the custom article was sent to two different rapid prototyping manufacturers for 
fabrication. The rapid prototyping technologies were selected based upon user cost, prototype 
accuracy and speed of fabrication. The techniques of stereolithography (3D Systems, Ann Arbor, 
MI), and three dimensional printing (Z Corp., Burlington, MA) were chosen for the test. 
Finished products were applied to the glass head model 20 shown in FIG. 2, and analyzed for fit. 
[0072] Both of the rapid prototyping methods produced custom articles that precisely and 

uniquely fit onto the glass head model 20. FIG. 8 is a photograph showing an article 600 
fabricated using stereolithography, and applied to the glass head model 20. The photograph in 
FIG. 9 shows a comparison of the articles 600 and 700 produced by the two fabrication methods. 
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Units fabricated by stereo lithography and three dimensional printing were very similar in 
appearance. 

[0073] While the above specification contains many specifics, these should not be 

construed as limitations on the scope of the invention, but rather as examples of preferred 
embodiments thereof. Many other variations are possible. Accordingly, the scope of the 
invention should be determined not by the embodiments illustrated, but by the appended claims 
and their legal equivalents. 
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